down the precise role of the papillary interstitial calcinosis in nephrolithiasis using the existing models. Additionally, more sophisticated, second-generation GEMMs that allow gene inactivation in a time-controlled manner and "compound mice" that bear several genetic alterations are urgently needed, in light of mounting evidence that nephrolithiasis is a multifactorial, multi-stage and polygenic disease.
Introduction
The technological advancements that allow engineering of specific genetic alterations into mouse genome have fundamentally changed our way of how gene functions are studied and human diseases are modeled [1] [2] [3] . Thus, genes of interest can be transferred into one-cell mouse embryos to be incorporated into mouse chromosomes either randomly or on specific sites, yielding the so-called transgenic mouse models. With the help of tissue-specific promoters, expression of transgenes can be confined to a particular tissue, or even to a particular developmental and differentiation stage when aided by inducible strategies [4, 5] . Similarly, through homologous recombination, mutant gene alleles can be introduced into mouse embryonic stem (ES) cells to abrogate the endogenous counterparts, thus giving rise to the so-called knockout mice. Together, these genetically engineered mouse models (GEMMs) have provided powerful tools for the research community to systemically interrogate gene functions and molecular pathogenesis of human diseases. The GEMMs offer distinct advantages Abstract Genetically engineered mouse models (GEMMs) have been highly instrumental in elucidating gene functions and molecular pathogenesis of human diseases, although their use in studying kidney stone formation or nephrolithiasis remains relatively limited. This review intends to provide an overview of several knockout mouse models that develop interstitial calcinosis in the renal papillae. Included herein are mice deficient for Tamm-Horsfall protein (THP; also named uromodulin), osteopontin (OPN), both THP and OPN, Na + -phosphate cotransporter Type II (Npt2a) and Na + /H + exchanger regulatory factor (NHERF-1). The baseline information of each protein is summarized, along with key morphological features of the interstitial calcium deposits in mice lacking these proteins. Attempts are made to correlate the papillary interstitial deposits found in GEMMs with Randall's plaques, the latter considered precursors of idiopathic calcium stones in patients. The pathophysiology that underlies the renal calcinosis in the knockout mice is also discussed wherever information is available. Not all the knockout models are allocated equal space because some are more extensively characterized than others. Despite the inroads already made, the exact physiological underpinning, origin, evolution and fate of the papillary interstitial calcinosis in the GEMMs remain incompletely defined. Greater investigative efforts are warranted to pin 1 3 over test tube-based experiments, cell culture, traditional animal models and analyses of human disease specimens, because they (1) harbor well-defined genetic alterations; (2) allow systematic analysis of the sequential steps of disease pathogenesis from early onset to advanced stages; (3) recapitulate critical disease events in an in vivo physiological setting; (4) permit direct correlation of phenotypes with genotypes in well-controlled genetic backgrounds; and (5) provide a natural anatomic, tissue and cellular context within which a pathologic process arises and evolves. To no great surprise, GEMMs have become an indispensable instigative tool to study almost every known gene and model every disease condition.
Kidney stone disease is very prevalent, painful and costly to manage. Kidney stone formation or nephrolithiasis is believed to be a multifactorial and multistage process involving urinary supersaturation of stone constituents, crystal nucleation, growth, aggregation, crystal/epithelial adhesion (retention) and stone formation [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Based on the chemical composition, kidney stones can be classified into calcium oxalate, calcium phosphate, struvite, uric acid, cystine, dihydroxyadenine and ammonium acid urate stones. Regardless of the stone type, supersaturation of stone constituents is thought to be the initiation factor that drives urinary salts from a soluble state to an insoluble one. Crystal nucleation ensues; however, small-sized crystals are harmless as they pass freely through the nephron and get eliminated in the urine. On the other hand, under the conducive conditions, certain crystals can grow in size or aggregate to sizes larger than the tubular diameter at which point they get trapped, forming plugging crystals or stones. Alternatively, intratubular crystals of varying sizes can adhere to the luminal surfaces of the renal epithelial cells, thus avoiding elimination [18, 19] . Crystal retention in the kidney is considered a crucially important step for stone formation.
In addition to crystal formation within the renal tubular lumen, mineral crystals are also found frequently in the renal interstitium in stone-bearing kidneys in humans. Of particular interest are the interstitial apatite deposits in the renal papillae of idiopathic calcium oxalate stone formers [20, 21] . Discovered by Alexander Randall and named Randall's plaques [22] , these crystal deposits are more carefully analyzed recently by Evan and collaborators. They found that they are originated in basement membrane zones of the thin limbs of Henle's loop and later extended to the papillary tip beneath the papillary epithelium [20, 23, 24] . On electron micrograph, the interstitial apatite crystals exhibit distinct tree-trunk appearance with concentric rings interspersed with mineral-dense and -loose materials. Evan et al. [20] proposed that the apatite deposits in the papillae can erode the overlaying papillary epithelium and, once exposed, can serve as a nidus over which calcium oxalate crystals accumulate and grow to form calcium oxalate stones.
In light of the recent data demonstrating the importance of Randall's plaques in the pathogenesis of human idiopathic calcium stone formers, it is of particular interest to note that papillary interstitial calcinosis can also occur in knockout mice deficient for specific proteins. This review summarizes the morphological characteristics of the interstitial crystal deposits in mice and compares and contrasts them with the Randall's plaques in humans. The review covers the pathophysiology that potentially underlies the papillary interstitial calcinosis in various knockouts with respect to their shared features and differences. Finally, it discusses the significance and relevance of these crystal deposits to human nephrolithiasis. Highlighted in this review are knockout mice lacking Tamm-Horsfall protein, osteopontin (OPN), THP and OPN, Na + -phosphate cotransporter Type II (Npt2a) and Na + /H + exchanger regulatory factor (NHERF-1).
Tamm-Horsfall protein knockout mice
Tamm-Horsfall protein (THP) is a primarily kidney-specific protein made by the epithelial cells constituting the thick ascending limb of loop (TAL) of Henle [25] [26] [27] [28] . After synthesis in the rough endoplasmic reticulum (rER), THP's C-terminus (~100 amino acid residues) is removed via proteolytic cleavage and then linked with a glycosylphosphatidylinositol (GPI). It is thought that under the normal circumstances, the GPI linkage provides a strong apical targeting signal allowing THP to translocate to the luminal surface of TAL [26] . Once there, THP is released into the urine via proteolytic and/or phospholipase cleavage at the C-terminus in a manner that is thus far not clearly understood. THP is by far the most abundant of all the urinary proteins, amounting to 100 mg daily. It is worth noting that, while THP is normally apically targeted, it can be detected on the basolateral membrane domain of TAL and adjacent interstitium during experimental ischemia-induced acute kidney injury. Emerging evidence suggests that such "ectopic" THP plays an important role in interacting with and inhibiting inflammatory mediators between TAL and proximal tubules, thus tampering the extent of tubular injury and accelerating recovery [28] [29] [30] [31] .
THP was "re-discovered" in the late 1980s in the urine of pregnant women as an immunosuppressant and named uromodulin, but subsequent cloning and sequencing revealed that the primary structures of the two proteins were identical [32] [33] [34] (for the sake of brevity, THP will be used henceforth). Mature THP polypeptide contains 48 cysteines, many of which are believed to be involved in forming intra-molecule disulfide bridges that are crucial 1 3 for the proper folding of THP in and exit from the rER. In particular, eight cysteine residues are concentrated in a small, evolutionarily conserved region, forming the socalled domain of 8 cysteines (D8C) [35, 36] . Mis-sense mutations that abrogate an existing cysteine or create a de novo cysteine in THP have been causatively linked to certain hereditary hyperuricemic patients, and they cause THP to misfold and be trapped in the rER leading to cytotoxicity and failed apical targeting [36] [37] [38] [39] . THP also contains eight asparagine-linked glycosylation consensus sites, but only seven are in a good context and were shown to be actually glycosylated [40] . Of these, asparagine 251 is modified by a high-mannose chain that is highly conserved across the species and is responsible for specific interactions between urinary THP and FimH adhesin of type 1-fimbriated E. coli [41] [42] [43] [44] . Multiple lines of experimental evidence, including those from the THP KO mice (see below), suggest that THP plays a key role in defending the urinary tract against type 1-fimbriated E. coli from adhering to the uroplakin Ia receptor of the urothelial surface [45] [46] [47] [48] [49] [50] . The remaining six asparagine-linked glycosylation sites are known to be occupied by complex-type carbohydrate moieties with sialylated tri-and tetra-antennary structures. Together, the complex-type sugars account for about 30 % of total molecular mass of THP [26, 27] . In a normally neutral to acidic urine environment, the sialic acids make THP a highly negatively charged protein, capable of interacting with organic and/or inorganic cations such as calcium and magnesium. Other known domain structures of THP include three epidermal growth factor (EGF) domains, two of which contain putative calcium-binding sites, and zona pellucida repeats at the C-terminus that are responsible for THP polymerization [49, 51] .
Since its discovery in the 1960s, THP has been proposed to have several physiological functions in the urinary system including salt/water balance of the kidney, immune regulation, defense against urinary tract infection and modulation of kidney stone formation [9, 25-27, 52, 53] . However, in the absence of direct in vivo experimental evidence, none of these presumed functions could be directly substantiated or refuted. In fact, although there were in vitro studies showing that purified THP inhibits aggregation of calcium oxalate and calcium phosphate crystals [54] [55] [56] [57] [58] , other studies showed the opposite effects of THP in promoting crystal aggregation [59, 60] . The effects of THP on crystallization in the test tubes also vary widely depending on the pH, ion strengths and polymerization state of THP itself. Consequently, despite THP being consistently detected in human renal stones, no consensus existed as to whether THP is an inhibitor or a promoter and plays no role whatsoever in nephrolithiasis.
In an effort to improve the understanding of THP's in vivo role in urinary pathophysiology, Mo and colleagues inactivated the THP gene in mice using a homologous recombination approach that eliminated the 5′-portion of the genomic sequence including a 650 bp proximal promoter region, exons 1 through 4 and partial intron 4 [45] . The resultant THP −/− mice were devoid of THP expression, as evidenced by Northern blotting, RT-PCR, in situ hybridization, Western blotting and polyclonal antibody immunohistochemistry. Initial studies surveying intra-renal calcification were carried out in young (2 months old) mice using von Kossa (e.g., silver nitrate) histochemical staining [61] . While wild-type (THP +/+ ) littermates had no crystal in any part of the kidney, whereas THP −/− mice exhibited intratubular crystal aggregates, located mainly in the collecting ducts in deep medulla and renal papillae. Some crystals were seen attached to the luminal surfaces of the tubular epithelial cells. Overall, 4/25 THP −/− mice and 0/25 THP +/+ littermates exhibited intratubular crystals [61] . In a follow-up study, the same group of investigators examined a large cohort comprising 250 THP −/− mice of both genders, young (2 months), middle (5-8 months) and old (15 months) age groups, genetic backgrounds (129/SvEv and C57/BL6) and gene dosages (hetero-and homozygotes) [62] . Several key features were noted. First, renal papillary calcification was age-dependent, i.e., small and infrequent crystals were found in young mice (2 months), whereas larger and frequent crystals were found in aged mice (15 months). Second, in young mice, both intratubular and interstitial crystals were present, but in old mice interstitial crystals dominated (Fig. 1) . Third, the crystals were largely located in the renal papillary region, with the rest of regions devoid of any crystal. Fourth, by transmission electron microscopy, the interstitial crystals were deposited within the widened basement membrane zone and exhibited tree-truck or onion-ring morphology with electron-dense rings (presumably composed of minerals) interspersed with electron-sparse rings (presumably of proteinaceous materials) ( Fig. 1 ; [62] ). Fifth, Fourier transform infrared spectroscopy revealed that the interstitial crystals contained primarily calcium phosphate in the form of hydroxyapatite [62] . Sixth, renal calcinosis in the THP KO mice was independent of gender or genetic background, but it was partially gene dosage-dependent, with homozygous THP knockouts (THP −/− ) developing more frequent and severe calcinosis than the heterozygous mice (THP +/− ). Finally, by light and electron microscopy and by immunohistochemistry using macrophage and neutrophil antibodies, there was no obvious evidence of renal epithelial injury associated with calcium crystal deposition and no inflammatory cell infiltration was present in the vicinity of the interstitial crystals. When urine chemistry was compared between THP −/− and THP
, it was apparent that urine of THP −/− was supersaturated with stone precursor brushite and had reduced urinary concentration of stone inhibitor citrate [62] . The urinary supersaturation was much greater in the old KO mice than in the young KO mice. Overall, there was a marked urine volume contraction in the THP −/− mice, particularly in the aged group, due at least partly to a reduced glomerular filtration rate [63] . Calcium concentration was also significantly elevated, along with calcium oxalate concentration, although the latter did not reach statistical significance [62] . Elevated calcium concentration may have to do with reduced urine volume, or decreased transcellular reabsorption of calcium in the distal convoluted tubules as a result of increased endocytosis of TRPV5 and reduced apical TRPV5 in the absence of THP [64] .
Clearly, the papillary interstitial calcinosis in the THP −/− mice bears strong resemblances to Randall's plaques of human idiopathic calcium oxalate stone formers, with respect to histological location, chemical composition, ultrastructural features and lack of accompanying inflammation [20, 65] . It differs from Randall's plaques in that the latter are also found in the basement membranes of the thin loops of Henle. Furthermore, no overgrowth of calcium oxalate stones atop the papillary interstitial crystals has been observed to date despite the long follow-up (up to 15 months) of the THP −/− mice [62] .
Although additional studies are clearly needed, the existing data obtained from the THP −/− mice suggest that THP can influence several key steps suggested for human nephrolithiasis. Thus, the absence or reduced levels of THP can lead to urinary calcium phosphate supersaturation [62] which serves as the driving force for crystal nucleation. The lack of THP can also enhance crystal adherence to the renal epithelial cells [66] . The subsequent steps that result in calcium crystals to be deposited in the interstitium, however, remain to be elucidated and will likely require careful dissection of different-aged THP KO mice on an ultrastructural level. More importantly, it will be of considerable interest to see whether the papillary interstitial crystals can be turned into calcium oxalate stones with enhanced supersaturation of various mineral salts. Answers to these and other questions can be greatly facilitated by the development of compound mice that are not only deficient for THP, but also have significantly greater mineral supersaturation than that generated by THP knockout alone.
In humans, down-regulation of THP has been associated with tubular dysfunction including acute tubular necrosis, chronic kidney disease, diabetic and hypertensive nephropathies, kidney transplantation, hyperprostaglandin 1 3 E syndrome and active lupus nephritis [26, [67] [68] [69] . Some of these conditions are known to have an increased risk of kidney stone formation [12, 70] . Recent genome-wide association studies discovered that certain single-nucleotide polymorphisms are protective against kidney stones [71] . THP measurements in stone formers versus non-stone formers have been inconclusive among different cohorts, some finding lower THP levels [72] [73] [74] [75] with others showing little difference [76] . Some of the inconsistency might be attributable to varied THP partition in soluble versus insoluble fractions. Unless more reproducible sample preparation, storage and quantitation methodologies become a gold standard for different laboratories, such as the one recently published [77] , it would be premature and misleading to conclude that quantitative defects of THP do not exist in stone formers. Finally, qualitative deficiencies such as insufficient sialylation of THP have been suggested to cause a functional defect in the inhibition of stone formation [40, 54, 78, 79] . These human-relevant topics are undoubtedly worthy of further exploration.
Osteopontin knockout mice
Unlike THP which is kidney-specific, osteopontin (OPN) is ubiquitous, expressed in a wide range of tissues and cell types and believed to have diverse functions [80] [81] [82] [83] [84] . Initially isolated from osteoblasts, OPN exists as an extracellular protein that regulates bone biomineralization and remodeling as well as ectopic calcification [85] . In normal kidneys, OPN is detected by immunohistochemistry in TAL cells and renal papillary epithelium. OPN is markedly acidic and negatively charged at neutral pH, as (1) it contains abundant negatively charged amino acids (e.g., aspartic and glutamic acids that together account for ~30 % of the entire amino acid composition); (2) it is glycosylated with complex-type carbohydrates capped with siliac acids (up to 10 sialic acids); and it is heavily phosphorylated on the serine residues. OPN binds avidly to Ca 2+ ions at the crystal surfaces of divergent mineral types including calcium phosphate and calcium oxalate [82, 83, 86, 87] .
Long suspected to play a role in nephrolithiasis, OPN is found reproducibly in the matrix of human kidney stones [86, [88] [89] [90] [91] . When tested in various in vitro settings, it potently inhibits the nucleation of calcium crystals, crystal aggregation and adhesion to renal epithelial cells. Knockout mice of OPN were first reported in 1998 by Liaw and colleagues [92] , but their predisposition to renal calcification was not studied until 2003 [93] . Wesson et al. found that, when administered 1 % ethylene glycol in the drinking water, the OPN mice were significantly more susceptible than the wild-type controls to develop renal calcium oxalate crystallization. The crystals were exclusively intratubular and located primarily in the outer medulla. Spontaneous calcinosis, e.g., calcinosis in the absence of chemical treatment, was not noted in this study.
In a more recent study, Mo and colleagues reassessed the spontaneous calcium crystal deposition in an independent cohort of OPN KO mice [66] . Von Kossa staining of 2-to 3-month-old male knockouts revealed calcium crystals in the renal papillary region that on higher magnification appeared interstitial (Fig. 1) . The size and frequency of these crystals were less severe than those in the THP KO mice, as was the percentage of the knockouts that developed these crystals (10 % in OPN KO mice vs. 16 % in THP KO mice). Nevertheless, as with the THP KO mice, the papillary interstitial crystals in the OPN mice were of calcium phosphate as evidenced by Fourier transform infrared spectroscopy [66] . The fact that these crystals were not observed in an earlier study of the OPN KO mice could be due to the exclusive location of the crystals in the renal papillae that are of very small sizes in mice, thus easily escaping detection.
The Wesson and Mo studies both analyzed the urine chemistry of the OPN mice. Consistently, no increase in urine concentration of calcium, phosphorus and oxalate was observed [66, 93] . Unlike the THP KO mice, brushite was not supersaturated in the OPN KO mice. These data seem to suggest that the papillary interstitial calcinosis in the two KO mice may have different underlying mechanisms.
Single-nucleotide polymorphisms (SNPs) of osteopontin have been an active area of investigation. Thus far, OPN SNPs have been associated with a number of disease conditions including kidney stone disease [94] [95] [96] [97] . Some SNPs are located in the coding region with others in the regulatory (promoter) region. Of the nine SNPs found in the OPN gene (rs11739060, rs28357094, rs2728127, rs11730582, rs1126772, rs9138, rs2853744, rs4754=p.Asp80Asp, and rs1126616=p.Ala236Ala), rs9138 AA was found to be protective, whereas rs28357094 TT genotype, rs2728127 GG and rs2853744 GG genotypes were predisposing [98] . Since OPN SNPs are also known to be associated with other kidney conditions such as diabetes and hypertension that they themselves increase the risk of kidney stone formation, it remains to be seen as to whether these SNPs directly or indirectly affect human nephrolithiasis.
Tamm-Horsfall protein and osteopontin double knockout mice
The lack of widespread intra-renal calcinosis in mice deficient for either THP or OPN prompted Mo and colleagues to develop double KO mice lacking both proteins [66] . The double KO mice were fully compatible with life with no 1 3 overt anatomic and physiological deficits. Von Kossa histochemistry of 2-to 3-month-old animals detected spontaneous calcium deposits in about 39 % of the mice, a significantly higher percentage than THP and OPN single knockouts [66] . Like the single knockouts, the crystals were interstitial and located almost exclusively in the renal papillae (Fig. 1) . Not only were the double KO mice more prone to spontaneous calcification, but they also developed more frequently, much greater number of and larger renal crystals than the single knockouts upon ethylene glycol overload. It should be noted that the EG-induced crystals were almost exclusively intra-tubular, plugging crystals concentrated in the inner medullary region as well as in severely dilated ducts of Bellini [66] . Interestingly, in the absence of THP, EG triggered an over-expression of OPN in renal epithelial cells that was far greater than in the wildtype mice, suggesting that OPN is an inducible inhibitor of calcium crystallization playing a critical role when THP is deficient. In contrast, THP was not induced upon EG treatment when OPN is absent, suggesting that THP acts as a constitutive inhibitor of calcium crystallization. This, combined with the fact that THP and OPN deficiency has divergent effects on urinary supersaturation and that these proteins exert different effects on nephrolithiasis, raises the interesting possibility that normal THP and OPN are synergistic inhibitors of renal calcinosis.
The urine chemistry of the THP/OPN double KO mice for most part resembled that of the THP KO mice, with significantly elevated urinary concentration of phosphate and increased supersaturation of brushite [66] . The urine chemistry per se, therefore, does not fully explain why the double KO mice developed interstitial calcinosis more frequently than the single KO mice.
It should be pointed out that the majority of knockouts lacking both THP and OPN did not develop spontaneous renal calcification [66] . On one hand, it is possible that the mice analyzed were of young age (2-3 months) and that renal calcinosis appeared to be highly age-dependent at least based on available data from the THP KO mice. Agerelated studies in genetically engineered mice are extremely labor-intensive and cost-prohibitive, but it will be of major interest, if resources permit, to see if renal calcinosis in THP/OPN double KO mice exacerbates with age so much so that even kidney stones arise. On the other hand, one cannot rule out the possibility that macromolecule inhibition of renal stone formation is a highly redundant process and that loss of proteins beyond THP and OPN is necessary to trigger stone formation. Urine is known to contain other macromolecules that show potent inhibitory effects toward the various phases of nephrolithiasis. These include urinary prothrombin fragment 1, inter-alpha-trypsin inhibitor (IAI) family proteins such as bikunin, calgranulin A and B, urinary trefoil factor 1 [8-10, 53, 99] , to name a few.
Hopefully, knockout mice lacking these proteins will be generated soon, so that their in vivo role in kidney stone formation can also be assessed. Finally, deficiency of macromolecules might need collaboration with enhanced supersaturation of mineral salts such as calcium oxalate and calcium phosphate to trigger stone formation. It is now possible to test some of these possibilities by the use of second-generation compound mice that harbor a combination of different genetic alterations (see later). Na + -phosphate cotransporter Type II knockout mice Na + -dependent phosphate cotransporter Type II (Npt2a), also classified as solute carrier family 34, member 1 (SLC34A1), is localized on the brusher border membrane of renal proximal convoluted tubule and is responsible for reabsorbing bulk of the phosphate (up to 80 %) filtered through the glomeruli [100] . As such, this transporter plays a crucially important role in keeping the phosphate homeostasis. Indeed, mutations of the Npt2a gene in patients have been causatively linked to certain types of hypophosphatemia, hyperphosphaturia and nephrolithiasis [101, 102] . Npt2a is hormonally regulated by parathyroid hormone which promotes the endocytosis of the channel, thereby decreasing its luminal presence and reduced phosphate reabsorption [103] .
Consistent with its proposed function in tubular phosphate reabsorption, Npt2a knockout mice developed hyperphosphaturia and hypophosphatemia [104] . A compensatory increase in calcium reabsorption from the intestine also led to hypercalcemia and hypercalciuria. Khan and Canales analyzed the renal calcification of Npt2a KO mice aged 2 days to 1 year using light, scanning and transmission electron microscopy together with electron diffraction and energy dispersive X-ray microanalyses (Fig. 1) ; [105, 106] . They detected intratubular calcium phosphate deposits throughout the nephron with some crystals in the collecting ducts. Although also of concentric appearance, the crystals observed in the Npt2a knockout mice seemed much less organized and compact than those in the THP KO mice [106] . Interstitial crystals were also noted, albeit somewhat infrequently and in small areas where collecting tubules were completely occluded. The authors concluded that the interstitial calcinosis in the Npt2a knockout differs from that of the Randall's plaques in humans.
As with the THP, OPN and THP/OPN knockouts, no bona-fide kidney stone was ever noted in these mice. In addition, urinary supersaturation of phosphate seemed to improve over time in the Npt2a knockout mice [104] , a trend opposite to what occurs in THP knockout where supersaturation progressively worsens with the advanced age.
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+ exchanger regulatory factor (NHERF-1) knockout mice Na + /H + exchanger regulatory factor (NHERF-1), encoded by solute carrier family 9 isoform A3 regulatory factor 2 (SLC9A3R2) gene, is a member of the sodium-hydrogen exchanger regulatory factor family found on the brush border membranes of renal proximal tubule and intestinal epithelia [107, 108] . These proteins contain PSD-95/Dlg/ZO-1 (PDZ) domains and act as scaffolds that link membrane channels to cytoplasmic ezrin-moesin-radixin family proteins and the microfilament [109] . A very important function of these scaffold proteins is, therefore, to regulate the apical surface targeting and stability of the membrane channels. NHERF-1 is highly expressed at the brush border membranes of renal proximal tubule. By inactivating the NHERF-1 gene in mice, Weinman's group found a significant increase in cytoplasmic Npt2a and a marked reduction of Npt2a at the apical surface of proximal tubule [110] . This corresponded with a threefold increase of urinary excretion of phosphate over the wild-type mice. Similar to that occurred in the Npt2a knockout, the urinary phosphate loss led to a compensatory increase of serum 1,25 (OH) 2 vitamin D that in turn caused an increased intestinal reabsorption of calcium and hypercalciuria.
Like the Npt2a knockout mice, NHERF-1 knockout mice developed renal papillary calcinosis as shown by von Kossa staining [111] . The crystals appeared to be primarily interstitial in both male and female mice, but the number and size of the crystal deposits were relatively small. In another cohort, Evan and collaborators performed a more in-depth analysis of the renal calcinosis in NHERF-1 knockout mice focusing on old-age animals (17-19 months) (Fig. 1) ; [65] . The authors detected using Yasue staining a greater number of calcium crystals than originally reported. The crystals were interstitial in the basement zone located near thin loops of Henle as well as inner medullary collecting tubules. No tubular injury or inflammation cells were seen accompanying the crystals. Transmission electron microscopy and chemical composition analyses of the crystals were not carried out.
Similarities and implications of papillary calcinosis in different knockout strains
A shared feature of the papillary calcinosis in different knockout mice covered in this review is the interstitial location of the calcium crystal deposition (Table 1 ; Fig. 1 ). Because of their lack of accessibility to the tubular lumen, these crystals cannot possibly pass through the renal tubules to be eliminated in the urine. In the absence of accompanying inflammation, the crystals are also unlikely to be ingested and cleared by phagocytosis. As a result, the papillary interstitial crystals in these knockout mice will likely persist, thereby providing opportunities for further growth and aggregation. Another commonality is that with the exception of OPN KO mice, all other KO mice had increased urinary concentrations of phosphate and/ or calcium [65, 66, 93, 104, 111] . For instance, phosphate and brushite were significantly supersaturated in the THP KO mice [66] . The concentrations of both phosphate and calcium were elevated in Npt2 and NHERF-1 [104, 111] . The data from these knockouts are, therefore, very much in line with the notion conceived in human nephrolithiasis that mineral salt supersaturation drives crystallization and nucleation [8, 10] . Nevertheless, the fact that OPN KO mice did not have apparent urinary supersaturation points to another possible scenario where other (non-supersaturation-related) abnormalities lead to interstitial calcification. With respect to the chemical composition, apatite seems to be the predominant type among the crystals whose chemical composition has been determined including those in the THP, OPN and Npt2a mice [66, 105] . This stands in stark contrast to THP or OPN knockout mice treated with ethylene glycol that subsequently developed exclusively calcium oxalate crystals [61, 66, 93] . Of note, all the calcium oxalate crystals in THP, OPN and, THP/OPN mice under hyperoxaluric conditions were intra-tubular. It appears, therefore, that the development of interstitial apatite calcinosis (without signs of tubular injury) relies on functional renal epithelial cells, whereas extensive tubular damage caused by ethylene glycol leads to mainly intra-tubular crystallization.
Key remaining questions
Although the development of papillary interstitial calcinosis in several KO mouse models is of considerable interest as they bear strong resemblance to Randall's plaques of idiopathic kidney calcium stone patients, key questions remain. The most obvious ones are how these apatite crystals form in the first place and what they will eventually become. With respect to the first question, it does not appear that the elevated levels of urinary phosphate and/ or calcium in the THP, THP/OPN, Npt2a and NHERF-1 KO mice are the direct cause of interstitial calcification because, if this were the case, crystals should have formed primarily in the tubular lumen. That interstitial calcinosis occurs in the OPN KO mice without apparent hyperphosphoturia or hypercalciuria also suggests that a yet-to-be discovered mechanism exists that underlie interstitial calcinosis. With respect to the second question, none of the knockout mouse strains has developed full-fledge stones equivalent to the human counterparts. It is possible that the time required for the KO mice to develop bona-fide kidney stones far exceeds what has been attempted. In the case of THP KO mice, there is indeed a progressive increase of the severity of interstitial calcification with age. However, mice have a finite life and maintaining a large number of old KO mice is prohibitively expensive. It is impractical to find out whether stones eventually arise in very old KO animals. Besides age-related issues, one certainly cannot rule out the possibility that stone formation requires pathogenic events besides what was initially created in the KO mice. Clearly, further investigation is needed, and answers to these questions should shed light on whether the papillary interstitial calcinosis is truly a precursor of calcium oxalate stones.
Perspectives
Relative to the prevalence and importance of kidney stone disease, genetically engineered mouse models available to study the pathogenesis remain far and in between. Some investigators continue to hold the opinion that, since mice do not develop usual kidney stones, they are not relevant to studying human nephrolithiasis. This view is off the mark.
The rationale behind the creation of GEMMs to study kidney stone formation is precisely because normal mice have a very low incidence of spontaneous kidney stones. Should normal mice frequently develop kidney stones, they would not have been suitable for the GEMMs. This is akin to the tumorigenesis studies where a low incidence of spontaneous tumors in normal mice is a prerequisite for developing transgenic and knockout tumor models. Granted, the existing models do not recapitulate all the aspects of human nephrolithiasis, but this is exactly why additional work is necessary to create human-relevant models. Human kidneys bearing full-fledged stones may no longer contain some of the earliest pathogenic steps. This is where the GEMMs can help fill the void. There is ample evidence from many other organ systems that mouse and human studies can be highly complementary and mutually reinforcing, and together they are much more informative than each approach pursued alone [1, 3, 4, 28, 112, 113] .
When it comes to the expanded use of GEMMs to study kidney stone formation, there are reasons to believe that a great deal of information will be forthcoming in the next few years. More sophisticated gene knockout strategies can now be employed, especially the temporally controlled [113, 114] . This can mask the phenotype(s) that would otherwise have manifested. This is a relevant issue with regard to macromolecule stone inhibitors which may be highly redundant-a situation occurring in the THP KO mice where OPN is strongly induced under hyperoxaluric conditions [61, 66] . A similar compensatory event could explain the age-related levering off of elevated urinary phosphate levels in NHERF-1 KO mice [111] . It will be interesting to know if more severe phenotypes will develop when some of these genes are abrogated abruptly in adult mice with the inducible knockout systems (e.g., triggered by tetracycline or estrogen inducers).
Deeper insights into idiopathic kidney stone formation should also come from the development of compound mice that bear multiple genetic alterations. As with many complex diseases, it seems unlikely that idiopathic kidney stones are caused by a single genetic defect. Family history and data from twins support the polygenic nature of human idiopathic kidney stones [7, [115] [116] [117] . In this regard, intercrossing different knockout strains to yield compound mice that exhibit multiple defects in functionally complementary pathways should be extremely informative about the collaborative relationship among different genetic defects in nephrolithiasis. These complex mouse models should also offer new opportunities to trace whether the papillary interstitial calcinosis can gradually transit to become renal pelvic stones.
Since the completion of mouse genome sequencing project, a concerted effort is underway under the auspices of International Knockout Mouse Consortium (http://www.knockoutmouse.org/) to generate knockout mice for every known mouse gene. There is no reason why the kidney stone research field should be left out of this fast-moving effort. Instead of continuing to be skeptical of the usefulness and prematurely dismissing the need to develop more kidney stone-related GEMMs, a more productive approach would be to keep an open mind and embrace the exciting and inevitable developments that lie ahead.
